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We have used magnetic resonance techniques t o  probe the time sca les  of motion for 
a se r ies  of labeled guest molecules imbibed in subbituminous Wyodak and bituminous 
I l l i no i s  #6 coals.  
of such guests which were e i t h e r  deuterated or f luor ina ted ,  while electron spin 
resonance (ESR) was used t o  examine paramagnetic TEMPOL spin l abe l s .  
labeled guest molecules can be observed d i r ec t ly  with a minimum amount of in te r -  
ference from the nuclei and paramagnetic species na tura l ly  occurring i n  the  coal.  
By choosing a va r i e ty  of d i f f e ren t ly  labeled spec ies ,  a broad range of time scales 
for  molecular motion can be examined. The r a t e  and nature of t he  motion provides 
information about the  environment of the  guests i n  the  coal s t ruc ture .  

Dry coal samples (10-20 mesh) were exposed t o  various solvent vapors while con- 
tained i n  closed j a r s .  
of the sample during the exposure period. 
#6 coal (Figure l ) ,  the uptake pattern depends upon the choice of solvents:  
benzene uptake approaches an asymptotic value in roughly one week while pyridine 
continues t o  be included over a much longer time period. 
labeled molecules i n  the coals used fnr t b  present study, shown i n  Table 1 ,  
range from ~ 0 . 1 - ~ 1 0  m mole of solvent/gm o f  coal.  

In most 1 iquids,  rapid molecular motion causes averaging of the in te rac t ions  
between nuclear and e lec t ronic  spins and t h e i r  environment. 
becomes su f f i c i en t ly  slow, these in te rac t ions  a re  no longer averaged and a change 
i n  the  magnetic resonance s igna l ,  t yp ica l ly  a broadening, i s  observed. This 
averaging process h a s  been studied i n  many l iqu ids  and so l ids  and r e l a t ive ly  
simple theor ies  have been developed which predict  the  cha rac t e r i s t i c  times for 
motion required fo r  the  onset of averaging for  d i f f e ren t  electronic and nuclear 
spins (1 ) .  
in te rac t ions ,  p r inc ipa l ly  w i t h  protons on the  same molecule, and motion on a time 
sca le  shorter than 250 1.1 sec i s  needed t o  average the  in te rac t ion .  
compyents o f  hexafluoropropanediamine, th is  cha rac t e r i s t i c  time i s  ~ 1 0 0  u sec. 
The H nuclei in deuterated labe ls  a r e  broadened by the stronqer nuclear e l ec t r i c  
quadrupolar in te rac t ion  and more rapid nation (45 p SAC) i s  required fo r  
averaging. Interactions of the much la rger  e lec t ronic  moments i n  tne paramagnetic 
TEMPOL spin labe ls  require times on the order of 10-8 sec t o  be averaged. A com- 
bination of  these l abe l s  allows us t o  survey r a t e s  o f  motion which vary by over a 
fac tor  o f  one mi l l ion .  

The derivative of the 1 9 F  NMR absorbtion of 2-flUOrOpyridine in I l l i n o i s  #6 coal 
i s  shown in Figure 2 .  
broad corn onent which would indicate molecules moving more slowly t h a n  250 p sec. 

and narrow components a re  seen in coals with C606 and C5D N guests. 
O f  the 2H N M R  fo r  C6D in I l l i n o i s  #6 i s  shown i n  Figure 3 .  The same data i s  
displayed a t  two leve7s o f  gain t o  show the two s a t e l l i t e s  which occur on e i ther  
s ide  of t he  intense cent ra l  component. Very roughly, comparable numbers of nuclei 
contribute t o  the narrow and broad components. 
t o  the central  absorbtion a r e  moving on time sca les  skor te r  t h a n  5 1.1 sec a n d  the 
*H quadrupole in te rac t ion  i s  completely narrowed. 
the broad C5D5N component i s  twice a s  la rge  as in the  C6D6 case. 

Nuclear magnetic resonance (NMR) was used t o  study a su i t e  

These 

The solvent uptake was monitored by periodic weighing 
As shown for CgH6 a n d  CgHgN i n  I l l i no i s  

The amounts of imbibed 

If  t he  r a t e  of motion 

For example, i n  2-fluoropyridine the l9F NMR i s  broadened by dipolar 

For the -CF3 

A narrow NMR l i ne  i s  seen a t  300K, w i t h  no evidence for the 

No broad $ H NMR l i n e  i s  seen i n  coal samples containing D20. However both broad 
The derivative 

The C D6 molecules contributing 

The s a t e l l i t e  s p l i t t i n g  for 
From the 
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magnitudes o f  these broad spec t ra  (2) we i n f e r  t h a t  t h e  C6D6 molecules a r e  s t i l l  
sp inn ing  about t h e i r  C6 
C5D5N molecules a re  no t .  The r e s t r i c t e d  mo t ion  o f  t h i s  c l a s s  o f  C6D6 molecules 
suggests t h a t  t h e y  may be s t e r i c a l l y  con f ined  by t h e  nearby coal m a t r i x .  
absence o f  r a p i d  mo t ion  f o r  t h i s  c l a s s  o f  C5D N molecules may r e f l e c t  a chemical 
i n t e r a c t i o n  between t h e  molecules and the  coa? m a t r i x .  

ESR s tud ies  o f  t h e  TEMPOL s p i n  l a b e l  a l s o  show t h i s  s low ing  down process i n  t h e  
coa l .  
t r i p l e t  ESR s i g n a l  from t h e  TEMPOL i n  the  l i q u i d  i s  super-imposed on t h e  carbon 
r a d i c a l  s igna l  i n  t h e  coa l  ( F i g u r e  4A). The narrow TEMPOL l i n e s  broaden as t ime  
passes w h i l e  t h e  t o t a l  EPR s i g n a l  does n o t  change, aga in  i m p l y i n g  t h e  l o s s  o f  
averaging due t o  s lower  mot ion o f  t h e  molecules (F igu re  4B). The c h a r a c t e r i s t i c  
t ime  o f  mot ion i s  t h e r e f o r e  l o n g e r  than  2 x 
t r i p l e t  s igna l  i n t e n s i t y  (F igu re  4C) i s  p r o p o r t i o n a l  t o  exp ( -a t1 /2 )  suggest ing 
t h a t  t h i s  s low ing  o f  t h e  mo t ion  r e f l e c t s  d i f f u s i o n  o f  t h e  TEMPOL l a b e l s  i n t o  t h e  
coa l .  

Pulsed NMR s t u d i e s  o f - t h e  narrow component o f  t h e  resonance l i n e  a l s o  show t h e  
change i n  mot ion o f  a mo c u l e  when in t roduced  i n t o  t h e  coa l  s o l i d .  The 
energy exchange between "F n u c l e i  i n  2- f luorophenol  and t h e i r  environment was 
determined i n  t h e  f r e e  l i q u i d  and f o r  molecules i n c l u d e d  i n  coal by u s i n g  s p i n  
l a t t i c e  r e l a x a t i o n  (TI) measurements. 
tems, bu t  t he  r e l a x a t i o n  t ime  i s  much s h o r t e r  f o r  t h e  guest molecules i n  c o a l :  
T - 1 3  + 3 m sec, i n  comparison w i t h  T1 = 1.5 5 0.3 sec f o r  t h e  f r e e  l i q u i d  a t  
tie-same-temperature (300K). 
f o r  t h e  guest spec ies.  A f a c t o r  o f  100 s lower  than f o r  t h e  f r e e  species.  

I n  summary, a combinat ion o f  l a b e l e d  molecular  probes and d i f f e r e n t  obse rva t i on  
techniques p rov ides  i n f o r m a t i o n  on t h e  environment and mo t ion  o f  mo lecu la r  spec ies 
i n  c o a l .  
i n  F igu re  5 .  
o f  t h e  mot ion may a l s o  be deduced i n  some cases. 

symmetry a x i s  a t  t imes  s h o r t e r  t han  5 p sec, w h i l e  the  

The 

Immediately a f t e r  adding a TEMPOL s o l u t i o n  t o  a coal  sample, a narrow 

sec. The r e d u c t i o n  o f  t h e  narrow 

T1 i s  f requency independent f o r  b o t h  sys- 

These data imp1 y c h a r a c t e r i q t i c  t imes o f  mo t ion  

The range o f  c h a r a c t e r i s t i c  t imes o f  mo t ion  i s  i n d i c a t e d  schemat i ca l l y  
As i l l u s t r a t e d  i n  t h e  case o f  t h e  s p i n n i n g  C6D6 molecules, t h e  t ype  
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TABLE 1: MOLECULAR UPTAKE DURING THE SWELLING PROCESS 

Coal Type Imb ib inq  Molecule 

Wyoda k : 020 

D2° 

C O N  
CEDE 

;5;5N 

I l l i n o i s  #6: 

2 ~ F f u o r o p h e n o l  
4-Fluorophenol 
2 -F luo ropy r id ine  
c ;  

Hexaf l  uogo6Propane Diamine 

M i l l i m o l e s  Imbibed/Gram o f  Coal 

8.49 
8.93 
1.26 

5.79 
6.21 
2.08 
4.83 
1.88 
6.09 
0.47 
0.29 
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o f  the 
Swell i ng 
Process: 

Figure 2:  The I 9 F  
NMR of  I l l ino i s  #6 
Coal swelled with- 
2-fl uoropyr i d i  ne 
shows only a narrow 
component. 
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Figure 3 :  Both narrow 
and broad 2D NMR 
signals are observed i n  
I l l ino i s  #6 coal 
swelled with C6D6. 
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Fiqure 4:  Coal 
Swe l l i ng  w i t h  a 
paramagnetic s p i n  
l a b e l  (TEMPOL) 

~- A. Upon i n i t i a l  
' exposure o f  TEMPOL 

t o  coa l ,  the narrow 
s p i n  l a b e l  t r i p l e t  
s igna l  i s  superimposed 
upon t h e  carbon 
r a d i c a l  s i g n a l  
from t h e  coal .  

E. A t  l o n g  t imes,  
cly a t r a c e  o f  t h e  
t r i p l e t  TEMPOL s i g n a l  
rema i ns . 
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C. An example o f  the: 
E s s  o f  TEMPOL s i g n a l  
i n t e n s i t y  w i t h  t ime  
f o r  I l l i n o i s  #6 coal  2 
exposed t o  a s o l u t i o n  u 
o f  TEMPOL i n  benzene. i 
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I I9F  NMR: 

I I I I 

2H NMR: 

Some CgD6, CgDgN D20, 
(Slower) 

Some CgD6,  C g D g N  
(Faster)  

I EPR: 
(Slower) 4 I 

Figure 5: A survey  of  c h a r a c t e r i s t i c  t i m e s  of  mot ion  probed by  
t h e  c u r r e n t  l a b e l e d  molecu les .  
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